Using the general concept of a dry multilayer analytical element, we can change chemical procedures and configurations to assay several blood components. In the assay of serum urea nitrogen, urease in the reagent layer catalyzes the hydrolysis of urea. A semipermeable membrane excludes aqueous base, but allows ammonia to diffuse to an underlying indicator layer. For the amylase determination, the enzyme hydrolyzes a dyed-starch substrate coated on top of the spreading layer; this produces small fragments, which diffuse to a registration layer. The increase of absorbance at 540 nm is correlated with amylase activity. Bilirubin complexes with a cationic polymer at the interface between the spreading and reagent layers. The direct reading at 460 nm allows determination of total bilirubin in the range 1 to 500 mg/liter. Triglycerides are hydrolyzed in the spreading layer, and the resulting soluble glycerol readily diffuses into the reagent layer, where it is phosphorylated and subsequently oxidized by glycerophosphate oxidase to yield dihydroxyacetone phosphate and hydrogen peroxide. Peroxidase catalyzes production of a color commensurate with the hydrogen peroxide produced. With appropriate changes in chemical approach and configuration, the dry multilayer analytical element described by Curme et al. (1) can be modified to assay several components of blood. Here, four such analytes illustrate the versatility of this approach and demonstrate the attainable precision and accuracy. The data presented here were measured under the following conditions: serum, 10 jl, was delivered to the spreading layer (1), the sample penetrated the spreading layer in less than 10 s, the element was read by reflection densitometry, the measurements were made at 7 mm, and the reaction temperature was 37 #{176}C.
the use of urease to catalyze the hydrolysis of urea to ammonia and carbon dioxide ( Figure 1 ). The newly formed ammonia is allowed to react with an indicator, in this case, a protonated merocyanine dye. The dye selected has a low pKa for efficient ammonia scavenging and a low molar absorptivity (ca. 5000), to prevent the reflection density from becoming unreadably high at high serum urea concentrations.
The pH of the reaction layer is buffered at 8.0 to keep the equilibrium concentration of ammonia low. This reduces dye yield because the indicator dye is coated in a configuration that responds only to free ammonia, not to ammonium ion. Even so, to cover a serum urea nitrogen concentration range of 40 to 1300 mg/liter it is necessary to measure the dye at other than its absorption maximum, namely at 670 nm. The dye has a rather broad absorption with the peak at 520 nm.
The coated analytical element consists of four layers over a transparent support ( Figure 2 ). The spreading layer is of the same type as described for glucose (1) , and its function is to spread the serum uniformly. Water from the applied serum swells the gelatin reaction layer and permits the urea to diffuse to the urease (EC 3.5.1.5). Sufficient urease is incorporated into this layer to give very high activity; thus urea digestion is complete in a couple of minutes. Because the ammonia-ammonium equilibrium is sensitive to pH, sufficient buffer is incorporated into the element to bring all samples to the same final pH. A thin layer of cellulose acetate butyrate, coated below the urease layer, acts as a semipermeable membrane that allows the ammonia to diffuse to the indicator layer but excludes the hydroxyl ion in the sample from so diffusing. The pH indicator is coated in a cellulose acetate binder directly on the transparent support. The combination of a semipermeable membrane and indicator layer gives a colonmetric response that is specific for ammonia. Computer studies in which the kinetic and diffusion processes were modelled indicate that diffusion of ammonia from the enzyme layer into the indicator layer is the rate-limiting step. Although a true end-point is not reached because of diffusion limitations, the element's close temperature control and timing yield a system that is capable of excellent precision. Figure 3 shows a typical set of response curves, plotted as reflection density vs. time for several concentrations of urea. The curves show good discrimination among urea concentrations, even within 1 mm. We made calibration studies, using two different sets of calibrators.
One set of calibrators was nine urea concentrations in human pooled serum. These concentrations were established by use of a comparison assay, developed in-house, in which deproteinated sera are used in a urease digestion coupled to a glutamate dehydrogenase (EC 1.4.1.2) ammonia determination. This assay was used consistently as our comparison method for all of the precision and accuracy studies discussed. The other set of calibrators routinely used consisted of three serum urea nitrogen concentrations in commercial (Lederle) human lyophilized sera. The protocol of the National Committee for Clinical Laboratory Standards (NCCLS) (2) was followed for precision and accuracy studies, modified in that the patients' samples we used were frozen instead of the fresh samples specified by the protocol. One hundred and ninety such patients' samples were selected to be run during 20 days. Their serum urea nitrogen concentration ranged from 40 to 1300 mg/liter. A plot of values obtained by the film technique against those measured by the comparison method was linear for the 190 samples, two replicates of each sample by each method ( Figure  4 ). The slope of the regression line was 0.969 with an intercept corresponding to a fixed bias of 3.6 mg/ liter.
Precision studies based on the human lyophilized serum from Lederle were done during 20 days in accordance with NCCLS protocol, and within-day and total precision were measured ( Table 1 ). The precision data are based on more than 400 tests at three urea concentrations.
Within-day precision was less than 2%, We are continuing our study of compounds that may interfere with the assay. One ion known to seriously affect urease activity is fluoride; thus, preserving plasma samples with fluoride is not recommended.
a-Amylase (EC 3.2.1.1)
Because of its size, a-amylase cannot diffuse into reaction layers beneath the spreading layer. For assays involving such large molecules, the reactions take place in the spreading layer. In the amylase assay, a dyed starch of large relative molecular mass is hydrolyzed to smaller dye-starch fragments, which diffuse through a masking layer and are recorded. The substrate is prepared by covalently linking a magenta dye to amylopectin. The substrate is water soluble and contains about one dye molecule per 65 glucose units. The change in reflection density is measured at the absorption maximum, 540 nm. The coated element consists of three integral layers coated over a transparent support (Figure 5) .
The spreading layer (1) contains the dyed amylopectin coated in the uppermost portion of this layer. Amylase hydrolyzes the substrate into many dye fragments. Those up to about 10 glucose units can diffuse through the masking layer to form a complex in the registration layer. The masking layer, which contains a buffer and a white pigment coated in gelatin, serves two purposes:
(a) to hide the dyed starch in the spreading layer and (b) to provide a white background for making reflection density measurements.
The registration layer coated directly on the transparent support contains a cationic hydrophobic polymer called a mordant, which binds the released anionic dye fragments and removes them from solution ( Figure 6 ).
Step 1 illustrates the application of a lO-il drop of serum.
Step 2 illustrates the diffusion of small, hydrolyzed, dyed fragments through the white masking layer, and step 3 illustrates the mordanting of these dyed fragments in the registration layer. The change in density is proportional to the activity of the enzyme. Figure 7 shows a photograph of an element that has been spotted with a sample with low and one with high amylase activity. With the spreading layer side of the element up, one can see where the enzyme has hydrolyzed the substrate and released dye. When the element is turned over with the spreading layer down, one can see how the dye has diffused through the masking layer in proportion to the amylase activity. If a water blank had been applied to this sample, no dye diffusion would be seen through the masking layer. This photograph shows that the masking layer quite effectively hides the dyed substrate until it is hydrolyzed. Because it is such a large molecule, the dyed substrate cannot penetrate the gelatin binder in the masking layer until it is fragmented by amylase. This particular format, with integral layers, eliminates the need for centrifugation or filtration to separate product from reactant and thus permits the released dye to be continuously monitored. Typical reaction-rate curves are shown in Figure 8 . As can be seen from these tracings of transmission density vs. time, the rate curves become linear at about 5 mm for amylase samples with high amylase activity, indicating attainment of zero-order kinetics. At lower concentrations the rate curves are not linear, indicating a slight deviation from zero-order kinetics. The appropriate conversion of the reflection density into transmission density was made (1) .
If transmission density at exactly 7 mm is plotted vs. amylase activity, a linear calibration curve is obtained (Figure 9 ). The set of calibrators used in obtaining the graph in Figure 9 was prepared by mixing into samples of human pooled sera various proportions of a specimen with high amylase activity, untreated human duodenal were assayed by the modified Somogyi method (4) and then used to establish the calibration curve. In our method, amylase activity is expressed in dye units/liter, which we have arbitrarily made equivalent to Somogyi units/dl.
Results of the assay as performed by use of the coated element were correlated with those by the modified Somogyi method, for 10 serum samples prepared by pooling three patients' sera for each sample (Figure 10 ).
(Pooling was necessary to obtain enough serum per sample for the study.) The data indicate a good correlation between the two methods.
A correlation study was also done with results by the Du Pont aca method. A total of 36 patients' samples were assayed singly on the aca analyzer and then tested in duplicate on the coated element (Figure 11) . Again, the correlation was good.
A precision study was done with human pooled sera supplemented to contain various amylase activities ( Table 3 ). The CV ranged from 3.8% for a sample that has an amylase activity at the midpoint of the normal range to 2.2% for one with an above-normal activity. During the development of this assay we observed a7 that the element responds differently to amylase obtained from different sources. For instance, when the coated element was correlated with the Du Pont aca method as described above, with use of human pooled sera supplemented with human pancreatic amylase, we obtained the upper curve of Figure 12 . When the same lot of pooled sera was instead supplemented with hog pancreatic amylase, we obtained the lower curve in Figure 12 . The same was true when the element was correlated with the Beckman assay (Instructions 015- (Figure 13 ). These data clearly show that the coated element cannot be calibrated directly with hog pancreatic amylase; human amylase values determined from a hog amylase calibration curve could be low by a factor of two.
The coated element is not unique in distinguishing hog from human pancreatic amylase. Similar correlations were also obtained when the Du Pont aca method was compared with the Beckman assay ( Figure 14) . Thus, all three assays respond to hog amylase differently than to human amylase.
Bilirubin
The principle used with the dry element for the assay of bilirubin is that certain cationic polymers cause a shift in the absorption maximum of bilirubin from 440 to 460 nm with at least a twofold increase in its absorption at the new peak (Figure 15 ). The broken curve is the solution absorption spectrum of 6 mg of bilirubin per liter of phosphate buffer (50 mmol/liter, pH 7.4). The solid curve is the new spectrum of the same concentration of bilirubin in the presence of the polymeric quaternary salt, 120 mg/liter, the structure of which is shown in Figure 16 . We take advantage of the fact that the cationic mordant appears to form a complex with bilirubin that has a larger association constant than that for the bilirubin-albumin complex. The latter is reportedly (5) 1.4 X 10 per mole under normal physiological conditions. Experiments are underway to determine the bilirubin-mordant association constant. When the bilirubin is associated with the polymer, it is in a more hydrophobic environment and displays an absorption curve like that found in nonaqueous solvents; for example, in chloroform it has an absorption at 455 nm. The twofold increase in absorption gives an adequate signal for measurement, even at concentrations of less than 10 mg/liter. Figure 17 shows the simple two-layer analytical element designed to take advantage of the observation made on the solution. With this element we can read the bilirubin concentration directly.
The bilirubin from a drop of serum applied to the spreading layer dissociates from the albumin, aided by the surfactants in the spreading layer. From mechanistic studies we have learned that the serum proteins do not penetrate the mordant layer; however, the free bilirubin migrates to and interacts with the cationic mordant at the interface between the spreading layer and mordant layer. The density at 460 nm is read with a reflection densitometer. Figure 18 shows a scan of reflection density vs. wavelength, illustrating the effect of the mordant at different bilirubin concentrations.
Thus the wavelength shift and density enhancement seen in solution also operate in the coated element. The spotting solutions were unconjugated bilirubin dissolved in human serum albumin solution (70 g/liter). Figure 19 shows the reflection density change with time for various concentrations of bilirubin. The kinetics of the reaction is such that very little change is occurring at 7 mm. Figure 20 shows a calibration curve, 7-mm density plotted vs. bilirubin concentration.
The useful range is from 5 to at least 500 mg/liter. The fluids were commercial preparations from American Monitor Co., Indianapolis, md. 46268. For concentrations exceeding 200 mg/liter, bilirubin was added to these fluids. Table 3 shows the within-day precision, expressed as the CV of the analyte concentration.
In this experiment National Bureau of Standards bilirubin (SRM no. 916) was added to a pool of patients' sera to attain the desired concentration. The CV's are less than 2%. Figure 21 shows the regression analysis for our element against the manual Jendrassik-Grof diazo method; there is good agreement between the two methods. Because of this agreement, we believe the test measures total bilirubin. We are in the process of isolating conjugated bilirubin to prove definitively that this component is measured by the dry element. Table 4 shows a partial list of suspected interferents that have been tested on this element. These chemicals were dissolved in serum and tested at the concentrations shown in the table. Most were evaluated at bilirubin concentrations near 10 and 100 mg/liter. Only salicylic acid showed an interference greater than 5%. We were particularly encouraged to find that hemoglobin and carotene at the concentrations tested did not show a large interference.
Triglycerides (Triacylglycerols)
The assay of triglycerides in a dry element presented some formidable problems. Triglycerides are solubilized in serum by virtue of their association with proteins. Because of their size, these lipoproteins do not diffuse into the reaction layer of our system. Therefore, reac- HYDROLYSISLAYER tions in the spreading layer must produce small, soluble molecules that can diffuse into a registration layer. We have elected to do this by the scheme outlined in Figure  22 . The surfactant Triton X-100 aids in dissociating the lipoprotein complex so that Candida rugosa lipase (EC 3.1.1.-) can react with the triglycerides to form glycerol and fatty acids. The glycerol is then phosphorylated by adenosine triphosphate in the presence of glycerol kinase (EC 2.7.1.30). In the presence of Streptococcus faecium L-a-glycerophosphate oxidase (EC 1.
is oxidized by molecular oxygen to dihydroxyacetone phosphate and hydrogen peroxide. Finally, the hydrogen peroxide oxidizes a triarylimidazole leuco dye in a reaction catalyzed by peroxidase (EC 1.11.1.7), producing a dye that has a peak absorption at 640 nm with molar absorptivity of approximately 50000. Because the absorptivity of the dye isso high we read the density at 540 nm, to cover a wider useful concentration range. Figure 23 shows a cross-section of the dry element, with its four layers for carrying out the quantitation reactions. The spreading layer is basically the same as that described for the urea nitrogen element, except that it contains Triton X-100, to dissociate the lipoprotein complex. Directly below the spreading layer is the hydrolysis layer, which contains the lipase coated in a polyacrylamide binder. The binder is water soluble and permits the lipase to mix with the triglycerides in the spreading layer and react to form the more soluble glycerol. Because glycerol is a small molecule, it diffuses into the reaction layer, which contains enzymes, leuco dye, ATP, and MgC12 necessary for the detection of glycerol. The spacer layer prevents migration of the chromogen into the spreading layer. Thus more accurate quantitation of the triglycerides is possible. The reaction rate curves of reflection density vs. time for different concentrations of triglycerides are plotted in Figure 24 . The fluids were specimens of human pooled serum containing seven concentrations of triglycerides. Note that the reactions are not complete at 7 mm; but again, by accurately monitoring the reaction time, we can obtain good precision with this system. Figure 25 shows a calibration curve of the 7-mm The within-day precision for the element is shown in #{163}jPcsyt oco, g/i Table 5 . The fluids were human sera appropriately pooled to obtain the seven triglyceride concentrations. Each data point represents about 25 determinations; the overall CV is 3.2% or less. Figure 26 shows the performance of the element against the Du Pont aca method. Sera from 20 patients were analyzed by the two methods, with good agreement.
In summary, dry multilayer analytical elements can be designed for quantitation of many blood components. The element serves both as the reaction vessel and the cell for density measurements.
The assay method is selected so all reactions proceed under one set of conditions. The chemicals and enzymes must be compatible and stable in the dry element. The key to making the system work is the diffusion of small molecules to appropriate reaction centers where a spectrophotometrically measurable change takes place. No problem is encountered when the analyte is a small molecule; however, if it is a large molecule a reaction must take place in the spreading layer to produce the small molecule which is needed. Reflection density is used to quantitate the spectrophotometric change. The reaction schemes and dry elements for the assay of four components of blood have been presented to illustrate the versatility of this new approach.
Serum urea nitrogen is determined by the enzymic generation of ammonia, which causes a change in an indicator layer. An important element is the coating of a cellulose acetate butyrate layer which permits the diffusion of the gas but rejects the aqueous base.
Amylase, which because of its size will not diffuse into a reagent layer, hydrolyzes a dyed starch into small soluble fragments, which can diffuse. A complex is formed with a mordant in a layer beneath the spreading layer.
Bilirubin is read directly at 460 nm as a result of a complex formed with a cationic polymer. A twofold enhancement of signal accompanies the complex formation and provides adequate density for measurement.
Triglycerides are hydrolyzed by lipase to glycerol in the spreading layer. The use of glycerophosphate oxidase in the reaction layer produces hydrogen peroxide which is coupled to the oxidation of a leuco dye.
